Webb. Decreased sensitivity to vasoconstrictors in aortic rings after acute exposure to nitric oxide. Am. J. Physiol. 271 (Heart Circ. Physiol. 40): H253-H260, 1996.-Nitric oxide (NO) has been postulated as a regulator of vascular reactivity, and the current study tested the hypothesis that NO-induced decreased sensitivity to vasoconstrictors persists following removal of NO. Endothelium-denuded segments of rat aorta were incubated 2-4 h at 37°C with the NO donor S-nitroso-N-acetylpenicillamine (SNAP). Incubation produced rightward shifts in concentration response curves for phenylephrine [i.e., half-maximum effective concentration (EC,,; in FM): control = 0.016, NO = 0.141, aluminum fluoride (i.e., EC50 in mM: control = 1.66, NO = 2.29), and KC1 (i.e., EC50 in mM: control = 5.9, NO = 23.9). Similar shifts were seen for two other NO donors. The SNAP-induced shift was not attenuated by a guanylyl cyclase inhibitor, LY-83583 (10 uM) and was not mimicked by 8bromoguanosine 3',5'-cyclic monophosphate (100 FM). It was attenuated by 1,4-naphthoquinone (50 FM), an inhibitor of endogenous mono-ADP ribosyltransferases. NO incubation increased cGMP content (4.6 ? 0.8 vs.
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However, since its discovery as an endogenous modulator of vascular tone, NO has been demonstrated to mediate some of its physiological effects by mechanisms independent of guanylyl cyclase activation (23).
One cGMP-independent mechanism is NO-induced covalent modification of intracellular enzymes, an event demonstrated to cause inactivation of enzyme function (14, 23) . It is proposed that these covalent modifications are responsible for a portion of NO effects on long-term potentiation in the hippocampus (28) and for the cytotoxic effects of NO released from macrophages (16). We propose that in vascular smooth muscle, NO is also able to modulate function through a cGMP-independent modification of one or more proteins mediating contraction. We hypothesized that exposure of arterial segments to exogenous NO would cause a persistent inhibition of agonist-mediated vasoconstriction by uncoupling ligandbound receptors from the contraction. We further predicted that this inhibition was mediated in part by NO actions independent of cGMP production (4). naphthoquinone.
In conclusion, NO produces a long-lasting inhibition of vascular contractility by both a cGMP-depenDrugs and Chemicals dent and -independent mechanism. Based on the observations of 1,4-naphthoquinone, we conclude that the cGMPindependent mechanism is not stimulation of endogenous ADP ribosylation but some other covalent modification in the pathway that mediates contraction. vascular smooth muscle; guanosine 3',5'-cyclic monophosphate; adenosine 5'-monophosphate ribosylation; guanylyl cyclase NITRIC OXIDE (NO) has been shown to be an important endogenous regulator of vascular tone. The major endogenous source of NO in the vasculature is from enzymatic synthesis in vascular endothelial cells. Diffusion of NO into the vascular smooth muscle cells leads to activation of soluble guanylyl cyclase and increased cGMP production (16). It has been demonstrated that inhibition of NO production can lead to altered vascular reactivity and increased blood pressure (24), and it has been observed that there is a decreased production of NO in some forms of hypertension and in atherosclerosis (19, 27) . These observations have led to the hypothesis that a deficit in NO-mediated cGMP production limits vasodilatation and contributes to the elevated vascular tone characteristic of these disease states (6). with PE and acetylcholine as described above, and cumulative concentration-response curves to PE ( 10-10-10-4 M), AlF, (0.258 mM), and KC1 (1.5-95 mM) were generated. These experiments verified the ability of short-term exposure to NO in vitro to modify the response to contractile agents after the NO was removed from the tissue. Incubations were carried out for 2 h at 37°C. Rings were randomly paired (2/bath), and cumulative concentration-response curves were generated for PE ( 10-10-10-4 M) and AlF, (0.25-8 mM). Responses in the control and SNAP-treated rings were not different from those treated in protocoZ 1. These experiments evaluated the relative contribution of ADP ribosylation to the NO-induced changes in contractile responsiveness. Three additional sets of four rings were incubated with three different NO donors (10 uM) or vehicle (distilled water), and cumulative concentration-response curves were constructed to determine if the observed inhibition was independent of the carrier molecule for NO.
Protocol 3: cGMP assay. Rings were incubated in PSS according to protocol 2 and then suspended in tissue baths. After 1 h of equilibration in oxygenated PSS with rinsing every 15 min, 3-isobutyl-1-methylxanthine (IBMX; 100 uM) was added to the PSS and incubated for 30 min to prevent degradation of cGMP. Rings were rapidly removed from the bath, frozen in liquid nitrogen, and stored at -70°C until assayed. For the assay, each frozen ring was pulverized in liquid nitrogen, and the powdered tissue was acid-extracted for 1 h on ice (1 ml 0.1 M HCl, 100 uM IBMX). The extract was homogenized in a ground glass homogenizer, spun at 6,000 g for 10 min, and the supernatant was removed and lyophilized. The lyophilized samples were reconstituted and assayed using a standard enzyme immunoassay and a microtiter plate reader (Amersham).
The cGMP concentration was normalized for the protein content of the pellet, as determined by a Bradford assay. These experiments assessed the correlation between changes in cGMP content and changes in contractility.
They also evaluated the degree of guanylyl cyclase inhibition during treatment with LY-83583. Protocol 4: in vitro ADP ribosylation.
Membranes were prepared from the human embryonic kidney cell line, HEK 293. This line is commonly used to study signal transduction mechanisms and stably expresses the Gi, G,, and G, proteins (4). Cells in passages 7-10 were grown to confluence and then scraped from culture plates, suspended in lysis buffer [tris(hydroxymethyl)aminomethane (Tris)-HCl, pH = 7.4 with 0.2 mM phenylmethylsulfonyl fluoride and 1.0 mM EDTA] and disrupted with a ground glass homogenizer.
The cell homogenates were centrifuged at 800 g for 10 min to remove cell debris, and the supernatants were aspirated and centrifuged at 120,000 g for 1 h in a refrigerated ultracentrifuge. The membrane pellet was suspended in lysis buffer, the protein content was determined using the Bradford method, and aliquots were frozen at -20°C until used. 
Statistical Analysis
All data are expressed as means t SE. Comparisons between groups were made using paired (incubated rings) or unpaired (gels) Student's t-test. The Bonferroni correction was used when three or more individual comparisons were made, and a P value 5 0.05 was considered statistically significant.
RESULTS
Incubation of aortic rings with SNAP caused a rightward shift in the concentration-response curves to PE (Fig. lA) , alu minum fluoride (AlF,; Fig. lB) , and KC1 (Fig. 1C ) compared with control. This was apparent as a significant increase in the half-maximum effective concentration (EC& values for the SNAP-versus control-treated tissues (Table 1) . A similar shift was observed with three different NO donors for PE and AlF, (Fig. 2) , indi ca t ing that the shift was dependent on NO generation and not an effect of the carrier molecule.
The decreased sensitivity to AlF, was attenuated in rings incubated with NO and the mono-ADP ribosyltransferase inhibitor 1,4-naphthoquinone (Fig. 3) but not in rings incubated with the guanylyl cyclase inhibitor LY-83583 (Table 1 and Fig. 4) [KCI] (mmollL) rightward shift in the curves was not produced by incubation with the membrane-permeable cGMP analogue 8BrcGMP (Table 1 and Fig. 4 ). These observations indicate that NO-induced desensitization is independent of guanylyl cyclase activation and suggest that ADP ribosylation might contribute to the persistent decrease in sensitivity to contractile agonists. Calculated EC& values for the five different incubation protocols revealed a significant increase for both PE and AlF, in the NO-treated group and in the group treated with NO plus the guanylyl cyclase inhibitor. However, the EC5* value for the groups treated with 8BrcGMP and NO + 1,4-naphthoquinone were not different from control, again suggesting that the change in sensitivity to the agonists was dependent on ADP ribosylation but not on stimulation of guanylyl cyclase ( Table 1) .
The concentration of cGMP in rings was measured in each of the five groups, following a l-h wash-out/ equilibration period (see METHODS) .
Data revealed that cGMP content was still elevated in the SNAP-incubated rings (4.6 t 0.8 vs. 1.5 t 0.15 pg/mg protein in control tissue) even after the washing period. The SNAP-induced increase in cGMP was prevented by the addition of LY-83583 (1.6 2 0.36 pg/mg protein) but was not affected by 1,4-naphthoquinone (3.38 ? 0.26 pg/mg protein; Fig. 5 ). This was in direct contrast to the changes in sensitivity observed in the contractile experiments, suggesting that the increased sensitivity in the 1,4-naphthoquinone-treated tissues was not dependent on decreased cGMP production.
The in vitro incubation of HEK 293 cell membranes with 32P-NAD resulted in the incorporation of radiolabeled ADP ribose by three proteins; 38,66, and 88 kDa (Fig. 6) . However, only the incorporation at the 38-kDa band was stimulated by NO, and labeling of this band was enhanced by the addition of 1,4-naphthoquinone, suggesting that the NO-induced ADP ribosylation on this protein was independent of stimulation of an ADP ribosyltransferase. In contrast, labeling of the 88-kDa protein was attenuated by the addition of the naphthoquinone but was not dependent on the presence of NO (Fig. 6) . These results indicated three proteins at the concentration employed in the tissue incubations, but inhibition of this incorporation that NO can influence the ADP ribosylation of at least does not correlate with inhibition of changes in contractile sensitivity. These results indicate that NO and 1,4-naphthoquinone may have effects unrelated to ADP ribosylation that affect contractile sensitivity to PE and AlF,.
DISCUSSION
The principal observation of this study was that exposure of isolated vascular smooth muscle segments to NO produces a long-las ting decrease in sensitivity to vasoconstrictors without decreasing the maximal response. This effect was independent of cGMP generation and indicates that NO can chronically regulate vascular tone in addition to modulation of moment-tomoment blood flow. This observation provides a mechanism for the observations in several previous reports that NO effects on vascular contractility persist after NO production is normalized. In one study, patients treated with NO donors had a decreased sensitivity to vasoconstri ctors that persisted in the absence of the donor (8), whereas i .n another report, blood vessels removed from rats chronically treated with a NOS inhibitor exhibited increased sensitivity to vasoconstrictors (25).
rapidly relax tissues by stimulating soluble guanylyl cyclase (16). However, several recent reports have Most previous studies examining NO regulation of established that NO can also act in a cGMP-indepenvascular tone have focused on the ability of NO to dent fashion. These cGMP-independent effects include direct stimulation of potassium channels (2), elevation of guanosinetriphosphatase (GTPase) activity in heterotrimeric and small G proteins (14), activation of redox-sensitive kinases (lo), and stimulation of ADP ribosylation (23). A recent review suggests that these cGMP-independent effects may all depend on NO initiation of redox reactions, leading to covalent modification of target proteins (23). NO inhibition of cell proliferation has also been shown to be independent of cGMP generation under certain conditions (9). Together these findings support the concept that NO can regulate intracellular enzymes in a cGMP-independent manner, profoundly affecting cellular function. The role of these NO-induced events has not been explored in vascular tissue, and the current study examined the novel concept that NO chronically regulates vascular contractility independent of cGMP generation. More recent measures of endogenous ADP ribosylation have provided substantial evidence that ADP ribosylation occurs in most cell types in vivo (15, 18) and that a large family of endogenous ADP ribosyltransferases modify a variety of intracellular proteins (ll), including G proteins (18, 20) . Endogenous ADP ribosylation of G proteins leads to increased adenylyl cyclase activity (17, lS>, and ribosyltransferases have been proposed to function as endogenous regu .lators of G protei .nmediated functions. These enzymes are very sensitive to several inhibitors, including novobiocin, aminobenzimides, and the naphthoquinones (1). The 1,4-naphthoquinone used in the current study is loo-fold selective for the mono-ADP ribosyltransferases over poly-ADP ribosyltransferases (nuclear repair enzymes; 1). In the current study, this vitamin D analogue inhibited the functional effects of NO in vascular smooth muscle segments, providing functional support for the hypothesis that activation of ADP ribosyltransferases contributes to NO inhibition of vascular contractility.
However, it has been difficult to document regulation pathways for endogenous ADP ribosylation, and the current study provides only weak support for the hypothesis that NO can act as an endogenous regulator. Contractile data support the concept that NO stimulates endogenous ADP ribosyltransferases, whereas the in vi tro incubations indicate that NO stimulation of ADP ribosvlation is not enzvmatically driven. In combination with the evidence in the literature that NO labeling of GAPDH is nonenzymatic (3) and the paucity of data to indicate that NO can stimulate these enzymes, it appears that the non-cGMP effects of NO on contractility in the current study are also independent of this pathway.
The ability of NO incubation to alter the contractile responses to AlF,, PE, and KC1 suggests that the incubation modifies a component in a pathway common to these three contractile agents. A possible site is a channel protein regulating membrane potential (a K+ channel or an L-type Ca2+ channel) or a protein involved in mediating excitation-contraction coupling. The decrease in contractile sensitivity following incubation with the NO donors was independent of the NO donor used and was not mimicked by incubation with a cGMP analogue. Measurement of vascular content of cGMP determined that the decreased agonist sensitivity was unrelated to changes in cGMP content. Thus the data support the hypothesis that NO can regulate vascular contractility through a cGMP-independent modification that persists for hours following NO exposure.
The studies in the HEK 293 membranes also do not support the hypothesis that NO regulates vascular function by ADP ribosylation of G proteins. In HEK membranes, 1,4-naphthoquinone did not prevent NOinduced ADP ribosylation of the 3%kDa protein. Because it has been established that the ADP ribosylation of GAPDH is actually dependent on NO-induced Snitrosylation of the acceptor protein followed by auto-ADP ribosylation rather than activation of a naphthoquinone-sensitive ADP ribosyltransferase (23), this is not surprising. The lack of naphthoquinone-sensitive NO-induced incorporation of ADP ribose on any other proteins indicates that the NO-sensitive ADP ribosyla- tion was not enzymatically driven and suggests that the effects of the inhibitor in the contractile studies were also independent of this enzyme. Recent evidence from neuronal cells indicates that NO can stimulate ADP ribosylation of cysteine and arginine residues in an inhibitor-sensitive manner, independent of labeling of GAPDH (21) but in a cGMP-dependent mechanism. Therefore the effects of NO on signaling pathways are obviously complex and still far from clear.
The reason for a discrepancy between the ability of 1,4-naphothoquinone to attenuate the NO effects in vascular segments, but not in the isolated membranes, is unclear but several possibilities exist. First, enzymatic incorporation of 32P-ADP ribose may have occurred in some proteins but at too low a level to be observed on the autoradiogram. If the decreased sensitivity to vasoconstrictors is caused by enzyme-mediated ADP ribosylation of a protein less abundant than GAPDH, such undetected labeling may have been inhibited by the 1,4-naphthoquinone.
Alternatively, 1,4-naphthoquinone reversal of the NO-induced changes in sensitivity may have been due to a nonspecific effect of the inhibitor on another NADH-sensitive enzyme, independent of endogenous ADP ribosyltransferases.
Another possibility is that differences between the transformed kidney cell line used in the ADP-ribosylation studies and the intact vascular tissues used in the contractile studies may have contributed to the differences observed in the effects of the inhibitor. Perhaps there is a difference in the expression of the proteins responsible for the contractile inhibition (i.e., a channel protein, a protein kinase) that were modified in the smooth muscle cells but not in the kidney cells. The kidney cells were chosen because they express both the G, and the G, proteins at a relatively high level (4) and it was hypothesized that these were likely targets for ADP ribosylation. However, it is possible that the ribosylation pattern in vascular smooth muscle cells would have been different.
Alternatively, nonenzymatic modification of the glycolytic enzyme GAPDH may have caused the inhibition of vascular contraction, because GAPDH has been implicated in the regulation of many intracellular signaling events. These events include nuclear export of tRNA (22), phosphorylation of intracellular proteins (12), regulation of actin filaments and microtubules (9), regulation of Ca2+ release from the sarcoplasmic reticulum (13), and binding to small GTPases (7). Thus an NO-induced modification of GAPDH may have contributed to changes in vascular smooth muscle contractility. However, the data from the isolated membranes do not support this concept. In the current study, NO caused concentration-dependent ADP ribose incorporation on a protein of similar molecular weight to GAPDH but, unlike the changes in contractile sensitivity, the incorporation was not inhibited by 1,4-naphthoquinone. Therefore it appears that, like stimulation of guanylyl cyclase, NO-induced ADP ribosylation of GAPDH parallels but does not cause the changes in contractility.
The conclusion most consistent with the data is that NO modified a naphthoquinone-sensitive protein that regulates excitation-contraction coupling in vascular smooth muscle.
It is unlikely that residual elevation in cGMP production following the 2-h NO incubation period persisted throughout the following 6 h of contractile experiments in view of the measured cGMP concentrations. In addition, the guanylyl cyclase inhibitor LY-83583 had no effect on the response to NO incubation, although it did prevent an increase in cGMP content. Secondly, intracellular cGMP was equally elevated in the SNAPtreated tissues with and without 1,4-naphthoquinone, although the contractile responses were very different. Finally, incubation with a concentration of the cellpermeable cGMP analogue B-BrcGMP that causes maximal relaxation (100 pM) did not cause a similar shift in
